In-mill thermophilic treatment of individual wastewater streams to achieve water system closure has received much attention in pulp and paper mills. Aerobic biological treatment of thermomechanical pulping (TMP) condensate was conducted using thermophilic (558C) and 
INTRODUCTION
Pulp and paper industry faces significant challenge in terms of wastewater management. To achieve water system closure and reduce water demand, the concept of thermomechanical pulp (TMP) mill closure has been proposed to achieve "zero-effluent" discharge for more than a decade are benefits of treating TMP condensate separately for closed cycle operation and subsequent reuse of treated effluent as process water, like the use of Kraft foul evaporator condensate (after biological treatment) as process water (Berube & Hall 2000; Dias et al. 2005) .
In-mill treatment of TMP condensate would maintain a good heat balance, promote "zero effluent" technology, achieve water reuse, and thus reduce the final environmental impact. However, no studies have been reported yet on biological treatment of TMP condensate.
To achieve closed cycle operation and subsequent of reuse of TMP condensate as process water, it will be highly desirable to treat TMP condensate at higher temperatures, as thermophilic treatment can eliminate the requirement of pre-cooling and post-heating process in mesophilic treatment to save energy. In recent years, thermophilic aerobic biological treatment of pulp and paper effluents has received much attention (Berube & Hall 2000; Dias et al. 2005) . The advantages of thermophilic treatment include low sludge yield, high reaction rate, and excellent process stability (LaPara Currently, there are only a few full-scale applications of thermophilic treatments. Therefore, it is highly desirable to further develop the thermophilic technology for pulp and paper effluent treatment. In addition, comparative studies between thermophilic and mesophilic treatments under well-controlled conditions are limited in the literature.
To explore the advantages of thermophilic treatment, wellcontrolled comparative studies between thermophilic and mesophilic systems are needed.
The objective of this study was to investigate the feasibility of thermophilic treatment of TMP condensate, compare COD removal efficiency, sludge settleability and flocculating ability under thermophilic and mesophilic temperatures, and study floc characteristics, including floc size, filaments, and zeta potential.
MATERIALS AND METHODS

TMP condensate
The TMP condensate was obtained from a local TMP mill. The characteristics of the TMP condensate are shown in Table 1 . Chemical analyses of the feed indicate that the TMP condensate did not contain enough nutrients for bacteria growth. Therefore, additional nutrients, including N, P and inorganic salts were added to the influent (Table 2) before biological treatment, according to a COD:N:P ratio of 100:5:1.
Aerobic sequencing batch reactors (SBRs)
The laboratory experimental system consists of two parallel sequencing batch reactors (SBRs) (effective volume:
1.8 L/each) operated at either 558C or 358C with on-line pH controller (pH ¼ 7.0) over a period of 143 days.
A refrigerator was used for storing the TMP condensate feed at 48C. Two preheating tanks were used to increase the temperature of the TMP condensate feed from 48C to 358C and 558C, respectively, before it entered the SBRs.
Two water baths that circulated water at different constant temperatures through the jacket of SBRs, result in each SBR operated at a certain constant temperature (35^18C, 55^18C, respectively). 1 L of the TMP condensate was added to each SBR in each cycle. The operational conditions of the SBRs are shown in Table 3 . The SBRs were operated at various cyclic times (CT) of 6, 8 and 12 hours at a feed COD of 600 to 1,100 mg/L. The time of filling, reaction, settling and discharging was 10, 660 (or 540, 300), 40 and 10 min, respectively. The dissolved oxygen were monitored every 2 -3 days. These measurements gave the information necessary for calculating the SRT. SRT was calculated by using the total biomass quantity (g) in the reactor divided by the sum of the quantity of sludge wasted per day (g/day) and the quantity of ESS lost in treated effluent per day (g/day).
Analytical methods
MLSS, COD and ESS measurements
MLSS, soluble COD, and ESS were determined according to Standard Methods (APHA 2005) . The samples for these measurements were taken from the SBRs at the end of the reaction (MLSS and COD) and at the end of settling (ESS) just before discharging.
Filamentous microorganisms
The abundance of filamentous microorganisms was extensively examined (3 times/week) with a light microscope (Olympus IX51 inverted microscope, Tokyo, Japan).
The number of filaments was classified into levels 0 to 6 according to Jenkins et al. (2003) . A smaller score corresponds to a lower level of filaments. 
Floc morphology
Morphology of sludge flocs was observed and recorded by an Olympus IX51 inverted microscope (Tokyo, Japan) at the same time for filaments quantification. Three measurements were conducted for each SBR in each week of the experimental time.
RESULTS AND DISCUSSION
Soluble COD removal and 39% for the thermophilic SBR. This could be attributed to system instability due the change in CT from 12 h to 6 h.
The smaller CT (6 h) might result in toxic shocks due to a significantly increased organic loading rate. Thus, the CT was changed from 6 h to 8 h at day 88. After that, the SCOD removal efficiency recovered. Over the course of the study, the mesophilic SBR demonstrated a slightly higher SCOD removal efficiency than the thermophilic SBR, the average removal efficiency of the mesophilic SBR was 3 -5% higher than that of the thermophilic SBR (Table 4) . The thermophilic sludge (1-2.5 ppm) had a much lower DO level than that of the mesophilic sludge (4 -6.5 ppm).
A number of studies have shown that the DO in the water has a great impact on the type of bacteria that exists within activated sludge, particularly filamentous bacteria growth is suppressed when a DO of 2 mg/L is achieved ( Jenkins et. al. 2003) . Thus, if the mesophilic SBR was operated at a DO similar to that used in the thermophilic SBR, the mesophilic sludge would likely to have more filaments and would have similar or even higher SVI as compared to that observed in the thermophilic sludge. This suggests that it maybe possible to improve biomass settleability of thermophilic sludge by using pure oxygen or oxygen-enriched aeration. This should be further studied. At a CT of 12 h, the ESS level of thermophilic SBR was comparable to that of the mesophilic SBR. However, a reduced of the CT from 12 h to 6 h (day 87) caused a significant increase in the ESS level of both systems. This was because the system underwent a period of instability following the change in CT of 12 to 6 h, which could result in toxic shock due to the significant increase in organic loading rate. The large jump in ESS level was recovered after the CT was increased from 6 to 8 h. The ESS level of thermophilic SBR was slightly higher than that of mesophilic SBR at a CT of 8 h. The results suggest that an increase in the CT led to a decrease in the difference in the ESS level between the thermophilic and mesophilic SBR.
The higher ESS level of the thermophilic system is in agreement with previous studies (Vogelaar et al. 2002a; Suvilampi et al. 2006) . However, the difference in ESS was not critical and could be manageable at a CT of 8 h or 12 h in this study. The results suggest that thermophilic sludge had a comparable or slightly poorer flocculating ability than that of the mesophilic sludge.
Floc characteristics
Floc properties, including particle size, extracellular polymeric substances (EPS) production and composition and surface charge, play an important role in governing sludge flocculation and settling. The average zeta potential of the thermophilic and mesophilic sludge was 210.8^0.5 and 2 11.3^0.7 mv, respectively. In contrast to the difference in ESS and SVI levels between thermophilic and mesophilic sludge, there was no significant difference in zeta potential between the thermophilic and mesophilic sludge. This result is consistent with the findings of (Vogelaar et al. 2005) 
Potential application of treated effluent
The treated effluent at thermophilic temperature was clear (colorless), odorless, and low in residual COD and suspended solids, which make it suitable to be used as process water. There are a number of potential places in TMP mills, such as chip washing and pulp dilution in the refiners, that can use this treated effluent as process water.
The treated effluent at 558C could be useful to displace water as TMP white water make-up within the plant. Heat exchangers may be required to heat up the treated effluent (using hot TMP condensate) if a higher temperature of the thermophilically treated effluent is needed as process water. If higher water quality is required for other in-mill applications, additional treatment may be required to remove the ESS. This can be do using microfiltration or ultrafiltration. Another strategy is to integrate membrane separation with biological treatment (i.e. membrane bioreactor) to produce high quality of permeate (free of solids) as process water. Energy gain would be 268 MJ/tonne dry pulp produced if the TMP condensate is treated at 558C instead of 358C (assuming 1.6 m 3 TMP condensate/tonne dry pulp produced). It seems that in-mill thermophilic treatment of TMP condensate is feasible to achieve water system closure and subsequent reuse of treated effluent.
CONCLUSIONS † Treatment of TMP condensate at thermophilic (558C) and mesophilic (358C) temperature was feasible in terms of COD removal and biomass separation. A SCOD removal efficiency of 77 to 91% was achieved, given an organic loading rate of 0.7 -1.3 kg/m 3 d. The majority of the SCOD was removed by biodegradation with a small fraction (9-13%) stripped by aeration. † The settleability of thermophilic sludge was comparable to or slightly poorer than that of the mesophilic sludge.
The filaments level in the thermophilic sludge was usually higher than that of the mesophilic sludge.
A higher SVI strongly correlated to a higher level of filaments. The slightly poorer settleability of thermophilic sludge was manageable. † The flocculating ability of thermophilic sludge was comparable to or slightly poorer than that of the mesophilic sludge. The difference in ESS level between the thermophilic and mesophilic SBR decreased with an increase in cyclic time. The ESS level in the thermophilic SBR was not critical and could be managed at a higher cyclic time. † Thermophilic sludge yield was lower than that of the mesophilic sludge, providing the advantages of thermophilic treatment in reduced sludge production. † The treated effluent was clear (colorless) and odorless, and low in residual COD and suspended solids, and thus had the potential for subsequent reuse as process water in the mill.
